INTRODUCTION
Beani first introduced the concept of the critical state, in which a superconductor responds to any change in applied field with shielding or trapping currents that flow at the level of the critical current, Jc. These currents flow in the material to whatever depths are required to shield out the field change, and at amplitudes which generally depend on the value of the local field. The concept of the critical state has proved extremely useful in understanding the magnetic behavior of a wide variety of samples. It allows a connection to be made between the microscopic pinning forces of a material, its critical current, Jc, and its macroscopic magnetic behavior. 29 3 In particular, the postulates of the critical state, together with Maxwell's equations and information on Jc(B), have been used to derive expressions for the field distribution and the magnetization of slab-shaped or cylindrical samples in parallel fields. I' 4~ 5 s6
In a few cases, critical state models have been applied to other geometries.?, 8* g
However, in these cases Jc(B) has usually been approximated by Jc= constant, or the configurations have been limited to semi-infinite strips or tubes. In a case involving a flat strip formed into a large 10op,~~*~ 1 difficulties were encountered in accounting for results with a critical state model. The present work suggests that the concept of the critical state can be successfully extended to the disk geometry. This extension allows the magnetic behavior of diskshaped samples to be modeled, and the critical currents of such samples to be determined.
II. CRITICAL STATE MODEL
The magnetic behavior of a disk-shaped sample is somewhat more difficult to analyze than the usual case of a long cylinder in an axial field, where the high degree of symmetry ensures a particularly simple form of the critical state. In the case of a flat disk in an axial field, the critical currents all flow I in the azimuthal direction since the relation par= V x greduces to ( > 8Br 8BZ E*oJ(p= Z-F
For samples with a large diameter-to-thickness ratio it was possible to use an iterative procedure to obtain self-consistent solutions for the magnetic field This expression was used to calculate the contribution of the series of nested curr"ent loops to the field at a distance of 0.76 mm above the plane of the current loops, this being the approximate location of the active area of the Hall probe used to measure the experimental field profiles.
In the first iteration of the model calculation, the field profiles produced by a uniform current distribution, J4(ri) = constant, or by other simple, arbitrarily specified forms of J (r.) were calculated using Eq. 2. $1 The shape of the field profiles generated by a uniform current distribution was in good agreement with the shape of experimental profiles measured at higher fields. In Smaller B. values also resulted in a more rapid decrease in the trapping and shielding ability of the disk with increasing field level.
The generated profiles were insensitive to changes in N, for N > 100, as long as z was large compared to the spacing of the loops. The profiles were sensitive to changes in z only near the center and outer edge of the disk; in these areas the magnitude of BZ increased somewhat with decreasing z. In the procedure, the field in the superconducting material is approximated by the field 0. 76 mm above the disk, the location of the scanning Hall probe. In cases where trapping currents are flowing, the effect of this approximation is to underestimate slightly the field used to determine J+ near the center, and to overestimate it slightly near the edge. The reverse effect occurs when shielding currents are flowing. The overall effect of such approximations on the generated field profiles is not expected to be large, since corrections to field Because of this additional variable it was possible in the partially penetrated case for J(r) and Jc(B) to be varied independently and still obtain fits to the data. However, in practice Jc(B) was first determined by fitting the model curves to data for the fully penetrated case, and then z(r) was determined from the I(ri) distribution obtained as described above. Figure 6b shows plots of the depth of penetration of the critical state currents as a function of radius obtained with this procedure.
A third type of situation arose when profiles were recorded after the direction of dBa/dt had been changed, An example of this situation is shown in Fig. 7 , where the experimental curves were obtained by applying an increasing field to the sample after a field had been trapped. In such cases, the experimental curves were reproduced by assuming that the change in dBa/dt caused the critical currents near the outer surface of the disk to reverse direction, while currents flowing in the interior of the material remained unchanged.
Good agreement between experimental profiles and model-generated profiles was obtained when all the currents in the region where dBZ/dr had changed signFeversed direction, and a decreasing proportion of the current flowing at smaller radii was reversed. For example, good correspondence was obtained between the model-generated curve (dashed curve in Fig. 7 ) and the experimental curve by assuming that all currents at r > 7.9 mm and currents flowing in the region lzl > 0.06 mm, r < 7.9 mm reversed direction, while currents in the remaining portion of the interior of the sample flowed in the original (trapping) direction. In this configuration all currents still obeyed the criteria of the critical state (Eq. 3). As Ba continued to increase, the current distribution changed in a continuous manner from one in which the disk was filled with trapping currents + Jc, to a configuration with shielding currents -Jc.
V. DISCUSSION
For cases in which the sample is exposed to a monotonic increase or decrease in the'applied field, and is fully in the critical state, a relatively simple critical current distribution can account for the experimental,results. In such cases, azimuthal currents at a value determined by the local value of B flow throughout the sample, and a straightforward procedure can be used to find the values of these currents from the measured field profiles. The only adjustable parameters required in this procedure are the constants in the Jc(B) expression.
In cases where only a portion of the sample is in the critical state, the distribution of the critical currents is more complicated, and the extent of the sample carrying critical currents as well as the parameters in the Jc(B) expression must be varied in order to reproduce the experimental data. The model calculations indicate that currents must flow in an extended region in the disk above which the axial field is less than 5% of the applied field. These currents cannot be attributed to the reversible magnetization of the material, since similar behavior was observed when an applied field was decreased after the disk was cooled in a 340 mT field. Jn such cases, the reversible magnetization acts in opposition to the flux trapping process. Equation 1 
